
CHAPTER 4 

T axon-specific enzyme crystallins are found in all reptiles and birds 
which have been examined, in amphibians of the genus Raha and 

in several species of mammal (Fig. 4.1). One atypical enzyme crystallin 
is also found in certain fish, lamprey, turtles and some other reptiles 
and birds. With this last exception, all the taxon-specific crystallins 
can be localized to specific lineages and their recruitment can be at- 
tributed to a single event in the ancestry of each lineage. Taxon-spe- 
cific crystallins may modify the properties of the lens either through 
"diluting" the effects of y-crystallins which contribute to hard, high- 
refractive index lenses, or through secondary protective effects such as 
W filtration or contributions to protecting against oxidative or other 
stresses. 

&-CRYSTALLIN 
Our understanding of crystallin gene recruitment and the occur- 

rence of enzymes as taxon-specific crystallins began with E-crystallin 
and in many ways this protein remains an archetype. It was discov- 
ered as a major component of the lenses in many birds and in all the 
crocodilians examined.' E-Crystallin can be extremely abundant. In the 
lens of a hummingbird (Calypte ana) it was found to make up more 
than 40% of total soluble protein2 (Fig. 4.2). In many other species, 
particularly seabirds, water fowl and others which hunt their food in 
bright light, E-crystallin is 10-25% of total soluble protein.3 The big- 
gest surprise about E-crystallin came when the protein from duck (Anas 
platyrhynchos) lens was partially sequenced and was found to be very 
closely related to lactate dehydrogenase B (LDHB), the heart muscle 
isoform of the glycolytic  enzyme.'^^ Peptide sequences of purified duck 
heart LDHB and duck lens E-crystallins were identical except for age- 
related deamidation of two asparagine residues in the much older lens 
protein and E-crystallin was found to have LDH activity.' Subsequently 
the identity of LDHB and E-crystallin was confirmed by cDNA and 
genomic cloning which showed that the heart and lens proteins are 
indeed the products of the same single gene.4p5 
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Fig. 4.2. Tauon-specificity in crystallins. SDS PACEz3 of lens expacts from'sorne 
mammals and birds. Some major taxon:specific crystallins are indicated. M: size 
markers; Wb: tamar wallaby (Macropus eugenii); Es: elephantshrew(Elephantulus 
rufescens); Rb: rabbit (Oryctolagus cuniculus); Cv: rockcavy (Kerodon rupestris); 
Am: american merganser (Mergus merganser); Bd: black duck (Anas rubripes); 
Sf: chimney swift (Chaetura pelagica); Hb: Anna's hummingbird (Calypte anna). 

This was a remarkable and unexpected discovery. Instead of being 
a specialized lens structural protein, LDHBIE-crystallin is the product 
of hundreds of millions of years of evolution as a glycolytic enzyme. 
I t  has become a crystallin by direct gene recruitment without prior 
gene duplication. This means that the same protein produced by a 
single gene is performing as a crystallin in the lens while still main- 
taining its normal pre-recruitment role as an enzyme in other tissues. 
Thus, in addition to the selective forces acting on this protein in its 
role as an enzyme, it now experiences another set of pressures from 
the new role in lens. ' 

S E ~ U E N C E  CHANGES AND ADAPTIVE CONFLICT 
The  effect of such pressures are apparent in LDHBIE-crystallin it- 

self. Although both enzyme and crystallin are identical in the same 
organism, sequence comparison with the LDHB polypeptides of other 
species reveal some unusual changes. In particular, two amino acid 
residues, Asn 114 and Phe 118, which are conserved in both LDHA 
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and LDHB sequences from species throughout the vertebrates, are 
changed to glycines in most species which have recruited the enzyme 
as a ~ r ~ s t a l l i n . ' ~ 3 ~ ~  These two residues are close together on the surface 
of the protein, lying on the same side of an a-helix which runs across 
the top of the active site cleft in the LDH subunit (Fig. 4.3). The 
phenylalanine reside in particular forms an exposed, hydrophobic bump 
on each of the four subunits of the LDH tetramer. In duck LDHBIE- 
crystallin, the substitution of glycines at positions 114 and 118 cre- 
ates instead a flat patch on each subunit. This evidently has no ben- 
eficial effect on enzyme activity since it has never appeared in other 
vertebrate LDH sequences. Instead it must be due to the second role 
in lens. Given the critical aspects of protein-protein interactions in 
the lens it is likely that the modification serves to remove a potential 
site for protein aggregation. 

This substitution of Phe 118 is found in many birds and in the 
crocodilian sequences which have been examined. Since one gene en- 
codes both enzyme and crystallin, in those species which have recruited 
E-crystallin, the LDHB enzyme in heart muscle also has this unusual 
sequence change. In most species which use E-crystallin it appears that 
the modified LDHB functions well enough that these changes do not 
exert a significant evolutionary burden. However, there are two spe- 
cies of bird which have not followed this path. Both the chimney swift 

Fig. 4.3. Sequence modifications in an enzyme recruited as a crystallin. The exposed positions of Asn I 14 
(N) and Phe 1 18 (F) shown on a backbone trace of an LDH subunit.150 
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(Chaetura pelagica) and Ana's hummingbird (Cafypte ana) have high 
levels of E-crystallin in their lenses. These two species, although super- 
ficially very different, belong to the same order, Apodif~rmes.~  They 
also share the characteristic of very energy-intensive life styles. Swifts 
spend a large part of their life on the wing at high speed in pursuit of 
insects while hummingbirds maintain an extremely high metabolic rate 
as they hover to collect nectar from flowers. When the E-crystallins 
from the lenses of these two species were sequenced it was found that 
the Asn 114lPhe 118 combination of residues was still p r e ~ e n t . ~  Con- 
ceivably, in these species even a small decrease in the function of LDHB 
as an enzyme might have measurable consequences for the animal. As 
a result there may have been particular pressure for LDHB sequence 
to have been maintained to optimize its enzymatic role. 

However, if the sequence changes in other species are indeed a 
response to selective pressures in the lens, then in swifts and hum- 
mingbirds there must have been a different response to accommodate 
these pressures. This may well have been the case, for both these spe- 
cies have reduced the content of another crystallin in their lens. In 
the case of the swift, 6-crystallin is completely absent as a detectable 

The Lens of the Swift Lacks 6-crystallin 

SDS PAGE 

Fig. 4.4. The swift (Chaetura pelagica) lacks Gcrystallin. SDS PAGEz3 and western blots oflens 
extracts from embryonic duck (Anas platyrhynchos) (as control) and from adult swift 
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crystallin (Fig. 4.4), while in the hummingbird it has been reduced to 
much lower levels than in other birds2 (Fig. 4.2). One possible inter- 
pretation of this coincidence is that unmodified LDHB may interact 
with abundant &crystallin, perhaps through Asnl l4 /Phel l8 ,  in a way 
which is detrimental to the lens. This can be overcome by a sequence 
modification to LDHBIE-crystallin. However, if that solution is not 
advantageous an alternative would be to remove or reduce the &crystallin. 
A third solution which may also have been employed by many species 
of bird, is the reversion or loss of the E-crystallin phenotype by LDHB. 
Many modern birds do not have abundant E-crystallin in the lens. Since 
E-crystallin is also present in crocodiles it was probably first recruited 
in a common ancestor of all archosaurs, including crocodiles, birds 
and dinosaurs. This implies that avian species which do not use this 
crystallin must have lost its expression after the divergence of birds 
and crocodiles. 

This raises some interesting questions about the recruitment of E- 

crystallin. It arose in lenses which already had 6-crystallin and which 
therefore had already adapted for the terrestrial environment. It must 
therefore have conferred some important secondary benefit to lens in 
order to have been retained by so many descendent species for so long. 
If the sequence modifications to LDHB were important they must have 
been made early on. This condition would have been retained in croco- 
diles, ducks and other birds to the present. Other birds, like chicken 
which lacks e-crystallin,3 must have lost E-crystallin expression and 
undergone a reversion in their LDHB sequence, suggesting that there 
is indeed a real advantage to the function of LDHB in having the Asn 
114lPhe 118 sequence. In contrast, as the ancestors of swifts and hum- 
mingbirds increased their energy budgets they too underwent a rever- 
sion in LDHB sequence but this was compensated by an alternative 
strategy which preserved high expression of e-crystallin but reduced or 
removed 6-crystallin. 

PROTECTIVE ROLES FOR ENZYME CRYSTALLINS 
What special benefit could e-crystallin bring to a lens? One suggestion 

is that although high levels of LDHB are not needed in lens for the 
purposes of glycolysis, the selective value of the protein comes from 
its ability to bind its cofactor NADH.3 The reduced form of NAD+ 
(nicotinamide adenine dinucleotide) absorbs strongly in the near ultra 
violet at around 340 nm. Unlike those of mammals, bird retinas con- 
tain cone cell photoreceptors which have a peak sensitivity of 370 nm7 
allowing birds to see in the near UV. While this is undoubtedly use- 
ful under many circumstances it could also cause problems. Shorter 
wavelengths are scattered more efficiently by dust particles in the air, 
which is why the sky appears to be blue to our eyes. The blue-end of 
the spectrum thus contributes disproportionately to glare in bright light. 
For birds hunting insects against a brightly lit sky UV glare could be 
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I 
a problem. It would also be a problem for birds and even crocodiles 
looking down through water for prey. UV glare would reflect off the 
surface while there would be little transmitted UV in the images from 
under the surface. Under these conditions it might be advantageous to 
filter out some of the UV. This could be achieved by sequestering 

I, 

\ 
NADH in the lens through binding to LDHBIE-crystallin. 

Strikingly, all the birds which use LDHBIE-crystallin seem to fit 
this profile. They consist mainly of water hunters such as herons, gan- 
nets and gulls and bright light feeders such as swifts and humming- 
birds.'-3 Most birds which lack E-crystallin, such as sparrows, chickens 
and owls feed on the ground, in low light or, in the case of penguins, 

I entirely under water. Indeed, there is a fascinating correlation between 

i the presence of &-crystallin and an enigmatic feature of the avian retina, 
I the p e ~ t e n . ~  This is a folded, conical structure which protrudes from 

the back of the eye toward the lens. Unlike the rest of the avian retina 
I it is vascularized and it is thought that it acts as a means of delivering 

nutrition to the eye. Interestingly, the degree of involution and hence 
the surface area of the pecten is higher in just the kind of bright light 
feeders which have E-crystallin in their lenses.8 Could one function of 
the pecten be to deliver nutrients to the lens to increase its content of 
NADH? Unfortunately there is no direct evidence to support this idea 
and the design of experiments to investigate it further has been daunt- 
ing. However such a mechanism would allow birds dynamic control 
of the UV absorption of their lenses in response to environmental 
conditions. 

&CRYSTALLIN 
If &-crystallin is the archetype for gene recruitment, gene sharing 

and the secondary benefits of recruitment, 6-crystallin has the same 
significance as a new model for gene duplication. 

Although it was through &-crystallin that the realization of the nature 
of taxon-specific enzyme crystallin came about, the first example of 
this class was already known though unrecognized as such. &Crystallin 
was observed as the first and most abundant of the soluble proteins of 
the developing chicken (Gallus gallus) lens.9-" Since these lenses also 
lack the y-crystallins (as originally defined), 6-crystallin was seen a re- 
placement for y-crystallins in birds. In fact 6-crystallin is probably the 
most widespread and one of the oldest taxon-specific crystallins. Al- 
most all birds, with the exception of  swift^,^ and probably all the rep- 
tiles which have been examined have abundant 6-crystallin (Fig. 4.2). 
It must therefore have been recruited at a very early stage in the rep- 
tilelbird lineage. At first it probably served to dilute thk y-crystallins 
which were present in reptilian lenses and are still present in at least 
some species today. Later, in the birds, 6-crystallin completely replaced 
the embryonic y-crystallins and by itself formed as much as 90% of 
the soluble protein of the central, nuclear regions of the lens. The 
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difference in protein content and properties between the lens of a fish 
and that of a bird are striking. Bird lenses are among the softest and 
most hydrated known with typical protein contents of as little as 20%.'O 
They often exhibit remarkable powers of accommodation and contrib- 
ute to the unmatched visual acuity of birds. 

6-Crystallin is very different from y-crystallin. It forms tetramers 
of 50 kDa subunits, giving it a native molecular size of 200 kDa, 
similar to that of the pH fraction. Unlike a-, P- and y-crystallins which 
have predominantly P-sheet conformation, 6-crystallin has a high con- 
tent of a-hel i~ . '~J3 Only one form of 6-crystallin was ever cloned from 
chicken lens, but two similar genes, designated 61 and 62 were found 
closely linked in the chicken The predicted amino acid 
sequences of the products of these two genes showed 91% identity, 
and there was further strong similarity in non-coding sequences such 
as introns and untranslated regions of gene transcripts. 61-Crystallin 
was the gene expressed at high levels in lens. 62-Crystallin was named 
for its similarity to 61 although there was no evidence that it actually 
served as a crystallin and its expression in lens was much lower than 
that of 61-crystallin."' 

When the first sequences for chicken 6-crystallin were produced 
no similarity to other proteins was noted. Coincidentally the sequence 
for yeast argininosuccinate lyase (ASL) was published at the same time.'9 , 
However, at this early stage in the development of sequence databases 
the two sequences were not compared. It was not until the cDNA for 
human ASL was determined and entered into a database that the close 
similarity bekeen chicken bcrystallins and ASL was reali~ed.~O-~3 ASL 
is usually associated with the urea cycle in mammals but is also ex- 
pressed in non-ureotelic tissues such as those of the eye,24 and may be 
involved in various pathways such as nitric oxide synthesi~.~5 Sequence 
comparisons showed that in fact it was 62-crystallin which was most 
similar to the ASL enzymes of human and yeast.20 Southern blot hy- 
bridization of chicken genomic DNA showed that the two bcrystallin 
genes were the only ASL-like sequences present.z6 This suggested that 
62-crystallin was actually chicken ASL. But what about 61-crystallin? 

ASL enzyme activity was higher in embryonic chicken lens, which 
contains more than 80% bcrystallin, than in other tissuesz6 but this 
activity was very low compared to that of the purified human enzyme, 
showing that the chicken lens crystallin was not a fully active ASL 
enzyme. From these results it seemed that there had been a duplica- 
tion of the ASL gene in birds. While one gene maintained the func- 
tion of an enzyme, the other diverged and specialized as a crystallin. 
Since enzymatic activity was not essential for this new, structural role, 
61-crystallin lost its ancestral ASL activity. Thus chicken 6-crystallin 
appeared to follow a different model for taxon-specific crystallins from 
that exemplified by LDHBIE-crystallin, a model without protein 
multifunctionality. Although the term "gene sharing" was first used in 
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connection with these proteins, the chicken 6-crystallins, unlike duck 
LDHBIE-crystallin, have separate, specialized hnctions encoded by sepa- 
rate genes. However, chicken &crystallins do not tell the whole story 
of this family. 

Previous work comparing the 6-crystallins of chicken with those 
of the duck (Anas platyrhynchos) had suggested that more isoforms of 
6-crystallin were present in the Given the presence of two genes, 
this raised the possibility that in duck both genes were being expressed 
as crystallins. The first indication that this was correct came when 
crude duck lens extract was measured for ASL activity and was found 
to possess fully a quarter the activity of the purified human enzyme.26 
Thus in duck, unlike chicken, ASLl62-crystallin is indeed a multifunc- 
tional, taxon-specific enzyme crystallin. Later, full length cDNAs for 
both 61- and 62-crystallin were cloned from duck lens and both were 
found to be highly a b ~ n d a n t . ~ ~ ~ ~ ~  Subsequently both duck30 and chicken3' 
61- and 62-crystallins were expressed in different systems and for both 
species it was confirmed that 62-crystallin is an active ASL while 61- 
crystallin has no detectable activity. 

ASLl62-crystallin is an enzyme crystallin in ducks, geese and swans, 
closely related members of the A n s e r i f ~ r m e s . ~ ~ * ~ ~ ? ~ ~  Most other birds 
which have been examined, such as pigeon (Columba 1 i ~ i a ) ~ ~ ' h a v e  very 
low levels of lens ASL activity like the chicken. However, the ostrich 
(Struthio camelus), a ratite, also has high levels of ASL activity in its 
lens suggesting that in this flightless bird ASLl62-crystallin is expressed 
as a cry~tallin.3~ Since ducks and ostriches are so distantly related this 
suggests that the condition of two active 6-crystallin genes in the lens 
is ancestral. Following the model of LDHBIE-crystallin and several other 
examples of taxon-specific enzyme crystallins it is very likely that ASL 
was recruited as a crystallin in an ancient ancestor of reptiles. Ini- 
tially, like most other enzyme crystallins, one gene would have served 
two functions, with low level expression of the enzyme in various tis- 
sues and very high level expression in the lens. 

The sequence changes forced on LDHB by the secondary role as 
E-crystallin show how competing selective pressures can act on a bi- 
functional recruited gene. This can set up an adaptive conflict in which 
changes beneficial for one role are deleterious for the other. Under 
these circumstances there is selective advantage in gene duplication and 
specialization. This is what probably occurred at some point in the 
evolution of 6-crystallin. Duplication allowed one gene to adapt to 
whatever extra requirements the lens environment dictated. However 
it is clear that ASL itself can still function as a crystallin although it 
may require the presence of the more specialized 61-crystallin to do so. 

Although expression of ASU62-crystallin can continue in the presence 
' 

of 61-crystallin it is evidently not required. Thus expression of ASLI 
62-crystallin in lens may be lost over time. In the same way non-lens 
expression of 61-crystallin is also non essential and it too would be 
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expected to decline with time. Indeed this is essentially what seems to 
have happened in most birds which use only 61-crystallin as a struc- 
tural protein in the lens. Outside the lens, levels of mRNA for both 
61 and 62 are generally very low but that for ASLl62-crystallin pre- 
dominates, especially with age.35J6 With the exception of another chicken 
eye tissue, the cornea, there is no evidence for expression of 61-crystallin 
protein in non-lens  tissue^.^' However if 61-crystallin was expressed, 
its subunits would be capable of forming mixed tetramers with the 
enzymatically active ASL/62.30 Indeed, when recombinant chicken 61- 
crystallin was expressed in cultured mouse cells endogenous ASL ac- 
tivity was actually reduced, presumably by formation of mixed tetram- 
ers with lower a~t iv i ty .~ '  Whether there is any ,benefit from such a 
non-lens role for 61-crystallin in ,birds is unknown and perhaps un- 
likely. certainly mammals are able to regulate ASL activity perfectly 
well by other means. 

One prediction of the scenario presented here for the evolution of 
6-crystallin is that at one time ancestors of birds had only one ASLI6- 
crystallin gene. Recently we have obtained peptide sequences from the 
6-crystallin of a reptile, the tuatara, a survivor of an ancient group, 
the sphenodonts. All the peptides of tuatara 6-crystallin examined seem 
to come from one sequence which more closely resembles 62-crystallin 
and human ASL than it does 61-crystallin. This is at least suggestive 
that this reptile expresses ASL as a crystallin and may not have ac- 
quired the lens-specialized 61-crystallin. DNA analysis is now needed 
to investigate the number of ASL16-crystallin-like genes in this ani- 
mal. 

H1s891G~~89 
The  lack of ASL activity in 61-crystallin is rather surprising, 

considering that in the duck, 61- and 62-crystallins are 94% identical 
in amino acid sequence.28 In both chicken and duck the two genes are 
closely linked in the same orientation and separated by only 4-4.5 
kb.'6,29 This seems to have made them prone to gene conversion, and 
for both species the two 6-crystallins are more similar to each other 
than either is to its homologue in the other species. However, the 
enzymatically inactive 61-crystallins in chicken and duck conserve at 
least one key amino acid difference from 62-crystallins and from other 
ASL sequences. While active enzymes have histidine at position 89 
this is replaced by glutamine in 61-crystallins. Mutation of His89 to 
glutamine in human ASL reduces enzyme activity by over 90Y0.~~  Since 
activity is not eliminated, this residue is probably not involved in the 
central reaction of catalysis but has some important associated role. 
Surprisingly, a cDNA clone for a pigeon 6-crystallin was found to code 
for His89 and to be more similar to 62-crystallins than to 61-cry~tallins.~~ 
Since pigeon lens extract and total &-crystallin has low ASL activity 
the authors concluded that His89 does not have an important enzy- 
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matic role. However since the clone was derived by PCR there is no 
evidence that it corresponds to the majority of expressed protein in 
pigeon lens and may in fact represent a low abundance M-crystallin. 

Since the His89lGln89 sequence change in chicken and duck 61- 
crystallins is maintained in spite of gene conversion it may be under 
strong selection for some aspect of crystallin function. It seems un- 
likely that the selection is specifically for the loss of enzyme activity, 
since high levels of ASL activity in lens are not per se a problem for 
several species. The structures of turkey 61-~rystallin'~ and a modified 
form of duck 62-crystallin39 have now been determined by x-ray crys- 
tallography. Both reveal highly symmetrical tetramers arranged to form 
remarkable core bundles of 20 a-helices. These structures also show 
that His89 is not part of the active site of the enzyme although it is 
exposed on the surface nearby. Perhaps this residue, has an accessory 
role in facilitating binding or release of substrates or products or a 
role in a conformational change necessary for function. Since the resi- 
due is surface exposed its change from histidine to glutamine may 
optimize or stabilize an interaction beneficial to its role as crystallin, 
such as a specific interaction with lens cytoskeleton. Alternatively this 
change might help maintain a more stable, less flexible structure for 
6-crystallin. As a by product, this change contributes to a loss of enzy- 
matic function but this is probably not the important, selected out- 
come. 

ELEMENTS OF NEUTRALITY 
8-Crystallins also serve to illustrate another important point about 

enzyme crystallins in general. That is that these proteins are not re- 
cruited for their enzyme activity. Bird lenses do not need high levels 
of ASL activity but neither are such high levels. of activity harmful. 
Birds do not even have a specific structural requirement for 6-crystallin. 
As shown by the chimney swift, bcrystallin gene expression in lens 
can be entirely eliminated, perhaps as a response to adaptive ~ o n f l i c t . ~  
Its place in the swift lens is apparently taken quite adequately by LDHBI 
E-crystallin while in the barn swallow (Hirundo rustics), a bird with 
rather similar hunting methods to those of swifts, 8-crystallin is abun- 
dant as normal in most other birds and reptiles. In other words the 
requirement is for a structural protein, not an enzyme, but even at 
this level the choice of a particular protein is at least partially neutral. . 

INTRON-SLIPPAGE IN DUCK ASL/~~-CRYSTALLIN 
While the origins of introns are c o n t r o ~ e r s i a l , ~ ~ - ~ ~  it seems to be 

accepted that they may contribute to protein and genome evolution 
in many ways, including acting as sites for insertion of new coding 
sequences into existing stable structures. In duck ASLl62-crystallin 
additional protein sequence has been gained through a recent splice- 
site slippage. A single base change (GT->GC) in the splice site recognition 
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sequence has led to use of a cryptic site six nucleotides further into 
the i n t r 0 n . ~ ~ , ~ 9  This causes the in frame insertion of two amino acids 
into the N-terminal region of the enzyme sequence. This insertion is 
unique in the ASL.family in e u k a r y o t e ~ . ~ ~  However it has evidently 
not had any major deleterious effect on enzyme activity since duck 
62-crystallin is an active ASL." Whether, on the other hand, the in- 
sertion has any beneficial effects for the role of the protein in the lens 
is not known, although it is interesting that it creates an RGD tripeptide, 
a cell attachment motif.43 In  many cases, homologous genes of very 
distantly related species have introns in similar but non identical posi- 
tions. This could reflect either independent insertion of introns at 
susceptible regions or slippage of the whole intron. Duck ASL162- 
crystallin illustrates the first stage in such slippage. A reciprocal slip at 
the 3' end of the same intron could restore the number of amino acid 
residues but move the intron in a 3' direction. 

p-CRYSTALLIN 
p-Crystallin, the only taxon-specific crystallin identified so far in 

amphibians, is found in the lenses of frogs of the genus Rana. Al- 
though its enzymatic specificity is not known, p-crystallin binds NADPH 
(nicotinamide adenine dinucleotide phosphote) and belongs to an aldo- 
keto reductase superfamily which includes aldehyde and aldose reduc- 
tase, prostaglandin F synthase and several detoxification e n ~ ~ m e s . ~ ~ - ~ '  
The  x-ray structure analysis of aldose reductase shows that this super- !I 
family uses a structural motif consisting of eight parallel pa units which 
was first observed in triose phosphate isomerase (TIM) and now known 
to be very common among enzymes.48 

T-CRYSTALLIN I 

a-Enolaselr-crystallin is in many ways atypical of enzyme crystallins. 
However it also serves to illustrate some general processes of crystallin 
gene recruitment. Unlike every other known example of enzyme 
crystallins, a-enolaselr-crystallin has a rather widespread and patchy 
distribution. Furthermore while all other enzyme crystallins in verte- 
brates are associated with terrestrial species it is the only one known 
to be prominently expressed in some aquatic species. I t  was first dis- 
covered as the 48K protein in sea lamprey (Petromyzon marinus), where 
it was estimated to make up 13% of total lens protein, and as T-crystallin 
in a turtle (Pseudemys srripta) where it was also very abundant49~5O 
(Fig. 4.5). A survey of other species detected 48Kl~-crystallin in nu- 
merous species, including several reptiles, birds and fish such the air- 
breathing gar (Lepisosteus o c u l a t ~ s ) . ~ ~  Its abundance varied among spe- 
cies, such that it was easily detected in domestic duck lenses but was 
barely detectable in chicken lens. At this time it was not thought be 
present in mammalian lenses. 

Protein sequencing showed that turtle r-crystallin was probably 
identical to a - e n o l a ~ e , ~ ~  and this assignment allowed the interpretation 
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7-crystallinla-enolase in Birds and Reptiles 

SDS PAGE WESTERN 

Fig. 4.5. a-enolase/~-crystallin (7). SDS PAGE oflens extractsz3 (left) and western blot with anti- 
lamprey r-crystallin antiserum (right). T: turtle (Pseudemys scripta); D: embryonic duck 
(Anas platyrhynchos); Sw: chimney swift (Chaetura pelagica); LE: embryonic chicken 
(Gallus gallus) lens epithelial cells; IF: embryonic chicken lens fiber cells. 

of peptide composition data from the lamprey protein which was also 
seen to match a - e n o l a ~ e . ~ '  Purified turtle 7-crystallin w a s  shown to 
have enolase activity, albeit at a low l e ~ e l . ~ ~ * ~ '  Since the previous sur- 
vey had identified fairly high levels of 7-crystallin in duck lens, full- 
length cDNA for 7-crystallin was cloned from this source. Duck lens 
7-crystallin was shown to be the product of a single gene and both 7- 

crystallin and human a-enolase cDNA probes hybridized to identical 
band in southern blots of duck genomic DNA.s' 

But is a-enolase1~-crystallin a crystallin? In domestic duck, mRNA 
for a-enolase is more abundant in embryonic lens than, in liver.51 However 
the very high levels of expression in the lens seem to be a rather tran- 
sient feature of embryogenesis. Analysis of the gene promoter for 
r-crystallin found it to be highly active in all cultured cells with no 
tissue preference.S2 When the entire duck gene was expressed in transgenic 
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mice elevated levels of a-enolase were found in all tissues.53 This 
experiment illustrated the point that lenses are capable of acquiring 
large increases (about seven fold in this case) in concentration of an 
enzyme in one step without serious problems. Indeed in the transgenic 
mice the duck transgene increased the level of a-enolase to close to 
parity with some individual B-crystallin subunits.53 However in terms 
of expression patterns the duck gene behaved in adult mice in a very 
similar way to the endogenous a-enolase with no preference for lens. 

These observations may be explained by the discovery that a-eno- 
lase is expressed at high levels in vivo in many stem cell populations, 
such as corneal l i m b ~ s . 5 ~  The function, if any, of high levels of a- 
enolase in stem cells is not known. It is possible that enolases may 
play structural roles in addition to their role in glycolysis. For ex- 
ample, y-enolase has been found to be associated with the centrosome 
in HeLa ~ e l l s 5 ~  while several glycolytic enzymes are believed to form a 
cytomatrix with cytoskeletal protein~.5~-5~ 

Among the stem cells with high levels of a-enolase are lens epithe- 
lia (Fig. 4.5). a-Enolaselz-crystallin has been measured at 9% of total 
protein in adult chicken epithelia and 12% in adult duck,59 and it is 
likely that levels are higher in embryonic tissue. a-Enolase is at much 
lower levels in differentiated fiber cells (Fig. 4.5). It seems that a- 
enolase is an enzyme which is necessarily expressed at high levels in 
lens epithelia. In a small lens such as that of the lamprey, where epi- 
thelium constitutes a large fraction of total lens mass, a-enolase will 
accordingly achieve high overall levels. In other species such as mam- 
mals a-enolase is a prominent abundant enzyme but in a larger lens 
may not exceed .l% of total proteinm60 

Thus in many species a-enolase is intermediate between the low 
levels of many enzymes and the high IeLels of crystallins. Even then, 
it achieves concentrations in epithelial cells which are certainly in the 
structural range. Furthermore, overexpression of a-enolase does not seem 
to have any harmful effects in transgenic mice.53 Thus a priori this 
enzyme is a good candidate for recruitment to even higher level ex- 
pression in the lens. Indeed, there are clearly examples in which a- 
enolase unambiguously achieves the level of a crystallin. In turtle lens, 
for example, a-enolaselz-crystallin is 46% of total protein in the epi- 
thelial cells and 6.5% in the nucleus giving an overall abundance of 
about 10%.50*59 Immun~histochemistry shows high levels of a-enolasel 
z-crystallin throughout the embryonic lens, including fiber cells.5' The 
occurrence of z-crystallin in diverse taxa may either reflect its "nor- 
mal" high levels in epithelial cells or independent parallel recruitment 
of the same suitable gene in different lineages. 

INTRON POSITIONS AND PROTEIN STRUCTURE 
The gene for a-enolaselz-crystallin from the domestic duck (Anas I 

platyrhynchos)52 and the homologous human a-enolase gene6' have the 
11 
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same pattern of intron positions. The structure of enolase from yeast 
has been determined by x-ray ~rystallo~raphy6~.~3 and the sequence of 
enolase is sufficiently well conserved that a model of duck a-enolase 
can be built on the yeast enzymes' coordinates (unpublished). Enolase 
has two domains, an N-terminal domain of about 150 residues linked 
by a connecting peptide to a C-terminal domain of about 280 resi- 
dues. The C-terminal domain was first thought to conform to the 8- 
fold P-strandla-helix supersecondary structure repeat, typified by 
triose phosphate isomerase (TIM).48.62 More detailed analysis showed 
that enolase actually has a different folding topology, PPaa(pa)6.63 The 
TIM structural family, including other enzymes such as pyruvate ki- 
nase, has been used to illustrate the idea that all exons represent dis- 
crete structural elements and that genes were assembled from such units 
by intron-mediated  mechanism^.^^ This was supported by the observa- 
tion that introns in TIM map near the ends of P-strands or a-helices 
and not in the middle. 

Enolase seems to contradict this model. First it has achieved a very 
similar tertiary structure through a different folding pattern and no 
significant sequence similarity. Second, introns mapping to the TIM 
barrel-like C-terminal domain of enolase do not neatly delineate sec- 
ondary structures and three map to the sequences within a-helices 
(Fig. 4.6). These observations suggest that the pa barrel may simply 
be a thermodynamically stable structure available to many protein se- 
quences regardless of their evolutionary origins. 

However, the N-terminal domain of enolase is different. In this 
region introns fall neatly between supersecondary structures and one 
intron exactly corresponds to the join beween the two domains (Fig. 4.6). 
Thus this domain could very well reflect the structures of ancestral 
motifs. Since enolase is present in prokaryotes65 where it lacks introns 
the question again arises of whether the vertebrate introns were in- 
serted or whether ancient introns were deleted in bacteria. It is pos- 
sible that the N-terminal domain is descended from a well-structured 
RNA which directed intron insertion accordingly while the insertion 
into the C-terminal domain was essentially random. 

GECKO CRYSTALLINS: A RESPONSE T O  LIGHT? 
The acquisition and loss of taxon-specific crystallins has been as- 

sociated with changes such as moving from diurnal to nocturnal hab- 
i t ~ . ~ ~  This recruitment could be driven either by the primary pressures 
of modifying the optical properties of the lens or by secondary pres- 
sures such as W or oxidative stress. This has prompted an .examina- 
tion of !geckos, lizards which adopt several different habits and which 
in some lineages may have moved from diurnality to nocturnality and 
back again.8,67 Indeed, in two genera of diurnal geckos taxon-specific 
crystallins were found while none were apparent in nocturnal  specie^.^^^^^ 
In both Phelsuma and Lepidodactylus taxon-specific subunits of about 
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36 kDa were observed, similar in size to several known crystallins. 
The protein in Phelsuma has been named x-crystallin and identified as 
the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH).69 In- 
terestingly GAPDH is expressed at moderately abundant but sub-crystallin 
levels in mammals. The protein in Lepidodactylus is also being charac- 
t e r i ~ e d ~ ~  and is different from x-crystallin (de Jong and Roll, unpub- 
lished). 

These results suggest the independent recruitment of taxon-spe- 
cific enzyme crystallins in response' to a species moving into a brighter 
light environment. Since geckos are reptiles which already have high 
levels of "lens-softening" 6-crystallins, the new crystallins must be con- 
ferring secondary advantages, probably in protection against W as was 
suggested for E-crystallin and some other taxon-specific ~ rys ta l l ins .3~~~  
Interestingly, GAPDH, like LDH and enolase, is a glycolytic enzyme 
which has been shown to associate tightly with actin and other com- 
ponents of ~~ toske le ton .5~-5~  These enzymes may be able to play a role 
in stabilization of cytoskeleton in lens fiber cells in addition to any 
other functions. 

ENZYME CRYSTALLINS IN MAMMALS 
The reptiletbird lineage presents a fairly uniform picture of the 

evolutionary processes by which lens composition is modified (Fig. 4.7). 
At some very early stage ASLIG-crystallin was recruited and the adap- 
tation of the lens to the terrestrial, diurnal environment began. Later, 
at least in birds, embryonic y-crystallin expression was lost and in the 
archosaurs LDHB was recruited as E-crystallin while diurnal geckos 
have also independently recruited different taxon-specific c r y ~ t a l l i n s . ~ ~ ~ ~ 9  
However the overall similarity in the retention of 6-crystallin in all 
descendants of early reptiles is remarkable. 

Mammals too are descended from a major group of early terres- 
trial vertebrates, the synapsids, the so-called "mammal-like reptiles." 
This lineage includes the pelycosaurs which formed one of the domi- 
nant group of land animals in the early permian, the therapsids of the 
later permian and the cynodonts of the early t r ia~s ic .~ '  If it was useful 
for the reptiletbird line to modify their lenses with a recruited enzyme 
crystallin it seems reasonable to expect that the same applied to the 
ancestors of mammals. However, most modern placental mammals do 
not express taxon-specific crystallins and are instead limited to the ancient 
a- and p-crystallins and a group of very highly conserved y-crystallins 
whose genes are closely clustered on one chromosome. Where taxon- 
specific crystallins do exist in mammals they are rather tightly limited 
in phylogenetic distribution. If the ancestors of mammals indeed had 
a taxon-specific crystallin it must have been lost by most descendent 
species which, in at least some cases, have independently recapitulated 
the process of gene recruitment (Fig. 4.7). Candidates for the role of 
ancestral synapsid taxon-specific crystallin are 6-crystallin itself which 
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might have been recruited in a common ancestor of both major reptilian 
lineages, ~ -c r~s ta l l in  which has a wide but patchy distribution in mar- 
supials, q-crystallin which is found in an ancient diurnal group of 
placentals and (-crystallin which is found in two separate lineages of 
modern placentals. 

q-CRYSTALLIN 
The most abundant taxon-specific crystallin in placental mammals 

is q - ~ r y s t a l l i n ~ ~  which is probably the single major protein component 
in the lenses of macroscelids, elephant shrews (Fig. 4.2). These small 
mammals are active, diurnal insectivores. They are generally regarded 
as being relatively primitive and have even served as an illustration in 
a popular text for what some early mammalian ancestors might have 
been like." Most experts have placed macroscelids in phylogenetic groups 
such as the Insectivora, which would include shrews, or the Glires, 
which in most classifications includes rodents and lagomorph~.~3 However, 
protein sequence data from the d-crystallin of Elephantulus rufscens, 
the rufous elephant shrew, show identity with those of the h y r a ~ . ~ O # ~ ~  
This would place the macroscelids in an early offshoot of the placen- 
tal mam.mal family tree which appropriately also includes elephants as 
part of a group called the pa en ungulate^.^^ Whatever their affinities, 
elephant shrews are not shrews.7' They have large eyes and soft lenses. 

q-Crystallin accounts for about a quarter of total lens protein in 
both E.rufscens and E.edwardi while in a species of another genus, 
Macroscelides proboscideus, it contributes about 10% of total protein.60 
Whether this represents generic or individual difference is not known. 
In the one example of E.rufscens which was examined, q-crystallin 
seemed to have largely suppianted y-crystallins in a manner reminis- 
cent of &-crystallin in birdsB60 In M.proboscideus, with its lower con- 
tent of q-crystallin, y-crystallins could be detected. Again, individual 
differences may be significant and the loss of y-crystallins in the speci- 
men of E.rufescens may have been due to aging effects in an old animal. 

Partial protein sequence of q-crystallin and immunochemical reac- 
tivity suggested possible identity with cytoplasmic aldehyde dehydro- 
genase (ALDH1).60 The very close sequence similarity of q-crystallin 
to ALDHl has now been confirmed by cloning q-crystallin from the 
lenses of E.edwardi and M.probos~ideus.~~ Sequence data show that q- 
crystallins clearly group with ALDHl of other vertebrates and that all 
the residues required for ALDH enzymatic function77 are conserved. 

The cytoplasmic enzyme ALDHl has very low activity towards the 
soluble aldehydes which are good substrates for related enzymes such 
as the mitochondria1 ALDH2. However, ALDHl is widely expressed 
and highly conserved suggesting that it has an important f u n c t i ~ n . ~ ~ . ~ ~  
It now appears that at least one role for this enzyme is as retinaldehyde 
(retinal) dehydrogenase,79*80 an activity which converts the aldehyde retinal 
to retinoic acid, an important activator of gene expression and a po- 
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tent morphogen in d e v e l ~ p r n e n t . ~ ' ~ ~ ~  In the mouse eye, ALDHl  
expression is an early marker for development in the retina with pref- 
erential expression in dorsal retina.79.83 Indeed, it  has been suggested 
that ALDH-derived retinoic acid might have a role in inducing 
Pax-6 expression itself in the determination of the eye as an or- 
gan.83 

When recombinant E.edwardi q-crystallin was tested for ALDH 
activity it was found to be enzymatically active using 11-cis-retinal as 
substrate.76 Together with its close sequence similarity to ALDHl this 
enzyme activity shows that q-crystallin is indeed an ALDHl.  How- 
ever, when non-lens expression of q-crystallin was examined there was 
a surprise. PCR analysis of M.proboscideus liver detected mRNA for 
both q-crystallin and a second, more abundant ALDHl in liver.76 Further 
PCR analysis of elephant shrew tissues suggests that q-crystallin is the 
predominant form of ALDHl in retina and iris as well as in lens. 
Thus q-crystallin may have been recruited directly from an eye-pre- 
ferred ALDHl isoform. Alternatively q-crystallin may be the second 
known example, after 8-crystallin, in which the gene recruitment of a 
taxon-specific enzyme crystallin is associated with gene duplication. This 
idea is supported by cladistic analysis which suggests that t h e  separa- 
tion of the two genes for ALDHl occurred at an early stage in the 
evolution of elephant shrews but probably after their lineage had split 
off from those of most other placental mammals.76 

The predominance of q-crystallin in eye tissues explains why this 
taxon-specific crystallin retains its retinal dehydrogenase activity while 
serving as a crystallin. ALDH activity is essential for normal develop- 
ment in many tissues. In lens itself ALDHl is expressed from early 
stages79 and is present at reasonably high sub-crystallin levels in lenses 
of many species.60 Retinoic acid receptors have been implicated in ex- 
pression of 7-crystallin gene~~~J'5 while overexpression of retinoid bind- 
ing proteins in lens causes developmental d e f e ~ t s . ~ ~ ~ ~ ~  High level ex- 
pression of a hypothetical inactive q-crystallin might sequester the active 
enzyme in low activity heterotetramers and essentially eliminate ALDH 
activity with possibly serious consequences for lens development. 
These problems would be avoided through the retention of ALDH 
activity by q-crystallin even as it acquired a structural role in lens. 

Like some other enzyme crystallins, q-crystallin binds a nicotina- 
mide adenine dinucleotide cofactor. However in this case the preferred 
cofactor is NAD+, the oxidized rather than the reduced form, although 
it is not yet known whether levels of both NAD+ and NADH are 
elevated in elephant shrew lenses. The recruitment of q-crystallin 
may have been selected through its modification of the optical prop- 
erties of the lens rather for a secondary role in protection against 
oxidative stress. If a protective role does exist it may be against the 
toxic effects of aldehydes rather than against more generalized oxida- 
tive stress. 
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C-CRYSTALLIN 
It was essential for our recognition of the enzyme crystallins that 

some of the first to be discovered were well known enzymes which 
had already entered the sequence databases.23 Others however were 
discovered first as crystallins and only later defined as enzymes. One 
such is (-crystallin which was first discovered in guinea pig (Cavia 
porrellus) lens where it accounts for 7-10% of total soluble protein.88 
A congenital cataract in this species was found to be associated with 
loss of a 35 kDa crystallin s ~ b u n i t . ~ ~ , ~ ~  This turned out to be a taxon- 
specific crystallin belonging to the alcohol dehydrogenase (ADH) su- 
perfamily.90,91 However, unlike ADH, (-crystallin binds NADPH rather 
than NADH, suggesting a role as a r e d ~ c t a s e . ~ ~ , ~ ~  After testing a num- 
ber of possible substrates it was found that (-crystallin is a novel 
NADPH:quinone oxidoredu~tase.~~ Like LDHBIE-crystallin, (-crystallin 
is the product of a single gene which is also expressed in other tissues 
at lower levels. 

(-Crystallin was also detectable at crystallin levels in some related 
South American hystricomorph rodents including degu (Ortodon degus) 
and rock cavy or moco (Kerodon rupestris) but not in coypu (Myocasor 
coypu) or in other rodents.93 Then most surprisingly it was also found 
in camelids, Old World camels and New World llamas.88~93~95~96 Both 
hystricomorphs and camelids have their origins in South America. 
However they are so distantly related phylogenetically that the pres- 
ence .of (-crystallin in both groups must have been due to indepen- 
dent recruitment. Recent gene sequencing for guinea pig and llama (- 
crystallins confirms the independence of the recruitments, although 
there are some remarkable parallels in mechanisms used (see ref. 97 
and below). 

Independent recruitment of the same enzyme as a crystallin should 
not perhaps have been totally unexpected since the pool of suitable 
enzymes is obviously finite and some may be easier to recruit than 
others. Indeed, as discussed below, parallel recruitment in widely di- 
vergent species may have occurred several times in the case of a-eno- 
lase1~-~rystal l in.~~ 

h-CRYSTALLIN 
1-Crystallin seems to be another previously unknown enzyme. .It 

has been found only in rabbit (O?yrtolagus runirulus) and hare (Lepus 
e u r o p ~ e u s ) . ~ ~  k-Crystallin is distantly related to hydroxyacyl- and 
hydroxybutyryl-CoA dehydrogenases and conserves the consensus NADH 
binding site, however its activity, if any, has not yet been determined.98 
From a phylogenetic standpoint, it is interesting that 1-crystallin was 
not seen in pika (Orhotona prinreps) which is classified as lagomorphs 
with rabbits and hares. Pikas also differ from the other lagomorphs in 
that they express aA,'"' the product of alternative splicing of aA-crystallin 
while rabbits do 
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p-CRYSTALLIN 
p-Crystallin was first observed as a 35 kDa subunit accounting for 

up to a quarter of total soluble protein in the lenses of some Austra- 
lian marsupial mammals60 (Fig. 4.2). So far it has been seen in all 
macropods (kangaroos, tree kangaroos and wallabies) which have been 
examined (unpublished). It was also identified in the lens of the only 
dasyurid examined, a carnivorous quoll, Dasyurops m a c ~ l a t a . ~ ~  I t  was 
not detectable in several other species, including various possums and 
wombat (unpublished) but a low level was seen in the sugar glider. It 
was not detectable by western blot in the only New World marsupial 
examined, the Virginia opossum (Didelphis ~ i r g i n i a n a ) . ~ ~  Its pattern of 
occurrence suggests an early recruitment in a common ancestor of 
Australian marsupials perhaps 120million years ago and subsequent loss 
in several species. However more marsupial species, particularly from 
South America, need to be examined. 

In contrast to placental mammals, marsupials retain in their reti- 
nas the cone cells with oil-drops found in diurnal reptiles and other 
vertebrate  specie^.^^^' This suggests that the ancestors of marsupials may 
not have experienced the nocturnal, burrowing phase which may have 
been an important part of placental mammal evolution (Fig. 4.7). 
Consequently marsupials may have retained other features from the 
eyes of their diurnal reptilian ancestors. If so, p-crystallin may have an 
even more ancient origin than currently indicated and may be a can- 
didate for the hypothetical ancestral enzyme crystallin of the reptilian 
ancestors of all mammals. 

In grey kangaroo (Macropus filiginosus) p-crystallin is the product 
of a single gene which is expressed at high levels in lens and at lower 
levels in retina and brain, presumably in an enzymatic role.'OO Peptide 
sequences of p-crystallin from kangaroo and quoll lenses could not 
convincingly demonstrate a relationship with any known proteins. 
However when kangaroo p-crystallin was cloned it was found to be 
significantly similar (over 30% identity in predicted amino acid se- 
quence) to ornithine cyclodeaminases (OCD) of the bacterium 
Agrobacteriurn turnefacien~.'~~ The similarity was not apparent from peptide 
sequences because these all came from the more hydrophilic N- and 
C-terminal regions rather than the more hydrophobic central regions 
of the sequence which contain the highest similarity among OCDs 
and therefore presumably contain the active site. 

O C D  is an unusual enzyme involved in metabolism of opines, amino 
acid derivatives produced when A. turnefaciens invades plant ~e l l s .10~-~~3  
O C D  catalyses the conversion of ornithine directly to proline in the 
presence of NAD+.102J03 In the more familiar biochemical pathways of 
standard textbooks this conversion requires two enzymes and passes 
through a glutamate semialdehyde intermediate. The mechanism of the 
O C D  reaction is not known but it seems likely that it would involve 
a similar intermediate. Like O C D  p-crystallin binds a nicotinamide 
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adenine dinucleotide cofactor but in contrast to O C D  it is NADPH 
rather than NAD+,'04 suggestive of a role as a reductase. Indeed both 
p-crystallin and OCDs are related to another family of enzymes which 
are reductases, the glutamyl-tRNA reductases (GluTR) (Segovia and 
Wistow, in preparation). These unusual enzymes convert glutamyl-tRNA 
to a glutamate semialdehyde105 using NADPH as cofactor. At this stage 
it seems reasonable to hypothesize that all three families of proteins 
are enzymes involved in unusual amino-acid metabolism and that they 
may share common affinities for derivatives of glutamate such as 
glutamate semialdehydes. This raises some interesting possibilities for 
the function of p-crystallin. 

Although p-crystallin was discovered in marsupial lenses, it is con- 
served and expressed in other tissues in other vertebrates. Human p- 
crystallin has been cloned from retina and brain and is over 80% identical 
to the kangaroo sequence. Northern blots of human mRNA detect p- 
crystallin in neural, muscle and kidney tissue.Io0 However, immuno- 
histochemical detection of the protein shows a more restricted pat- 
tern. Although low levels are apparent in the epithelial and equatorial 
regions of human and rat lenses and may also be present as a general 
background in most nervous tissue, the highest levels of protein im- 
munoreactivity are found specifically in the outer segments of the pho- 
toreceptors of the retina in human, rat and chicken (ref. 104 and in 
preparation). Indeed p-crystallin is one of the earliest markers for pho- 
toreceptor development in embryogenesis. In this regard it is intrigu- 
ing that another crystallin, q-crystallin, is derived from ALDHl which 
is an even earlier marker for retinal development.79 

The enzymatic function of p-crystallin has still not been deter- 
mined. All attempts to catalyze conversion of ornithine or proline with 
any nicotine dinucleotide cofactor have failed. Furthermore, although 
the protein, which appears to be a dimer, can easily be isolated from 
lens extracts using its ability to bind to blue sepharose it has proved 
very difficult to maintain its solubility (unpublished), an unexpected 
problem for a crystallin. However we do know that this protein is 
related to enzymes which metabolize derivatives of glutamate and that 
it is expressed in photoreceptors. It so happens that glutamate is the 
neurotransmitter of the photoreceptorsIo6 and that these cells are also 
highly susceptible to glutamate and ornithine t o ~ i ~ i t y . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Indeed, 
in the disease gyrate atrophy a systemic deficiency in ornithine me- 
tabolism is manifest as a rather specific syndrome of photoreceptor 
loss in the retina.1070108 Perhaps p-crystallin participates in metabolism 
of glutamate and as such plays an unanticipated role in the normal 3 

function of photoreceptors? Indeed, the human gene for p-crystallin 
maps close to a breakpoint on chromosome 16 associated with cata- 
ract and rni~ro-phthalmia.~~~~~~~ Human and kangaroo genes for p- 
crystallin have now been cloned and are being analyzed (unpublished). 
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Since gene expression in the retina may involve transcription fac- 
tors which are shared by lens, such as Pax-6, p-crystallin may have 
been a facile target for gene recruitment as a crystallin. The gene for 
p-crystallin may have required only minor modifications to promoter 
sequences to allow high expression in lens. 

CRYSTALLINS ELSEWHERE: INVERTEBRATE LENSES, 
LIGHT ORGAN LENS AND CORNEA 

S-CRYSTALLINS ' 

A variety of lenses are also found in the exceedingly diverse eyes 
of invertebrates. Most cephalopod mollusks such as octopus, squid and 
cuttlefish have eyes which are superficially very similar to those of 
~ertebrates*;"'J'~ (see Fig. 1.1). They have cellular lenses which seem 
to have arisen by convergent evolution to produce a similar solution 
to the problem of refining the optical properties of the eye. Like the 
lenses of fish, cephalopod lenses are extremely hard and relatively de- 
hydrated, with protein content up to 70% wet weight.'13 Again like 
vertebrate lenses, most of the protein in these lenses consists of highly 
abundant soluble proteins with subunit sizes between 20 and 30 kDa 
which have been called S-(for squid) ~rystal l ins.~~3 Although they are 
not related to any vertebrate crystallins S-crystallins share with taxon- 
specific crystallins a derivation from enzymes, in this case glutathione 
S-transferases (GST).20,"4 Unlike most examples of vertebrate enzyme 
crystallins, S-crystallins are generally lens-specific. They are also ubiq- 
uitous in cephalopod lenses, like a-, P- and y-crystallins in vertebrates, 
rather than taxon-specific. S-crystallins are encoded by large gene families, 
again reminiscent of the multiple P- and y-crystallins. Furthermore, 
most S-crystallins lack detectable enzymatic activity, although at least 
one squid protein does have some GST activity."5 

It appears that the cephalopod lens is very ancient. This has al- 
lowed a greater degree of specialization for lens than is seen in verte- 
brates. The common ancestor of modern cephalopods must have re- 
cruited a GST as its original crystallin. Possibly this detoxification enzyme 
was already being expressed abundantly in the ocean-exposed eye in a 
protective role. Subsequently there was gene multiplication and spe- 
cialization to produce more than a dozen lens-specific crystallins in 
the modern squid. Indeed, the specialization is such that the major 
GST enzyme of the squid is not expressed at high levels in lens. The 
antiquity of the cephalopod lens is further emphasized by the presence 
of other specialized components, such as a lens-specific tubulin."' 

Sequence analysis of cephalopod S-crystallins shows they have the 
same exon-intron structure as mammalian GSTs.I1' This similarity, 
together with the degree of sequence similarity seen in various genes 
is consistent with the idea that these mollusks are more closely related 
to vertebrates than are other invertebrates such as arthropods. 
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ALDH: A CRYSTALLIN FOR ALL SEASONS? 
Although the predominant S-crystallins are ubiquitous in cephalo- 

pod lenses there is also at least one taxon-specific crystallin in this 
group. In addition to the S-crystallins, the octopus lens also contains 
a fairly prominent 59 kDa subunit which was named ~ - ~ r y s t a l l i n . ~ ~ ~  
Surprisingly, when it was cloned, a-crystallin was found to be related 
to class 1 and 2 aldehyde dehydrogenases of  vertebrate^'^^^^^^ and therefore 
distantly related to 11-crystallin in elephant s h r e ~ s . ~ ~ ~ ~ ~  However, un- 
like 11-crystallin, a-crystallin has not conserved all the residues thought 
to be essential for enzymatic function and lacks detectable ALDH ac- 
tivity.l19JZ0 Again, it seems that the recruitment of this protein oc- 
curred sufficiently long ago that specialization has occurred. 

Remarkably another member of the ALDH superfamily is also ex- 
pressed abundantly in another lens-like tissue of the squid. The light 
organ of some squid emits light for signaling or camouflage purposes. 
Light is produced by luminescent bacteria and is diffused through a 
translucent "lens" derived from muscle tissue. A major soluble protein 
in this tissue has been named L - c r y ~ t a l l i n . ~ ~ ~  It too belongs to the 
ALDH superfamily, although it is not closely related to either 11- or 
a-crystallins. This is another example in which soluble structural pro- 
teins of a functional lens have been recruited from an available enzyme. 

The involvement of the ALDH superfamily in transparent tissues 
does not stop with the squid light organ. The vertebrate cornea con- 
sists mainly of a stroma of aligned bundles of collagen.122 This is main- 
tained by thin layers of cells on each surface, the outer epithelium 
exposed to the air and the endothelium which contacts the aqueous of 
the eye. Damage to these cells can lead to osmotic swelling of the 
stroma and opacity. Analysis of bovine corneal epithelium found a single 
major soluble protein component, BCP54.lZ3 Analysis of chicken cor- 
nea showed that this protein was not a b ~ n d a n t , 3 ~ , ' ~ ~  showing that cor- 
neal proteins too may be taxon-specific. When BCP54 was character- 

it proved to be identical to ALDH 111, the so-called 
tumor-inducible ALDH which is about 30% identical to the class I 
and I1 enzymes.lZ7 Surprisingly, the major site of constitutive expres- 
sion of this inducible detoxification enzyme seems to be mammalian 
cornea. 

Does this mean that ALDH superfamily members are in some way 
inherently transparent proteins? After all, the name "transparentin" was 
once proposed for BCP54.lZ8 In fact there is no reason to believe that 
these enzymes are "more transparent" than other proteins. Transpar- 
ency depends on a medium lacking light absorbance and light scatter- 
ing.lZ9J3O Absorbance is due to chromophores while scattering is due 
mainly to irregularly distributed objects or discontinuities which have 
sizes on the order of the wavelength of incident light. Since proteins 
are small it is more reasonable to talk of transparent solutions than 
transparent proteins. 
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So why are ALDH superfamily members so frequently recruited to 
transparent tissues? All these tissues are subject to osmotic stress, ei- 
ther in the swelling process which creates them or in maintaining their 
structure. Perhaps ALDH enzymes have some involvement in responses 
to such stress? In any case, it is likely that for some functional reason, 
these enzymes are easy to recruit under the conditions which give rise 
to transparent tissues. With their role as detoxification enzymes they 
may also play a protective role against toxic aldehydes which might 
result from oxidative insult, pa;ticularly to membranes. At least in terres- 
trial species they may also have a role in filtering UV radiation125 and 
in this part of the spectrum they may actually be inherently opaque 
proteins. 

What is clear is that overexpressed aldehyde dehydrogenases are 
not essential for lens or for cornea. Their recruitment is taxon-specific 
and many other species survive with only normal enzymatic levels of 
these proteins. BCP54lALDHIII is only prominent in mammalian cornea 
while in chicken no single protein dominates to the same extent.124 
Instead several enzymes are quite abundant, including a - e n ~ l a s e ~ ~  which 
other data show is localized to corneal limbus in mouse.54 The most 
interesting discovery in chicken cornea was that enzymatically inactive 
61-crystallin, the major component of chicken lens is present at de- 
tectable levels.37 There are two possible reasons why this lens-special- 
ized protein might be abundant in cornea. The most likely is that 
cornea and lens share certain transcription factors, such as P a ~ - 6 . ' ~ l - ' ~ ~  
Expression of a crystallin in the cornea could thus be due to overlap 
in transcriptional specificity of related tissues. Alternatively, whatever 
role 61-crystallin has specialized to perform in lens, which might be 
something like stabilization of a particular kind of cytoskeleton or a 
role in osmoregulation, could also be beneficial for cornea. Again such 
a role cannot be essential for transparency since mammalian corneas 
survive quite well without expression of this protein. 

OTHER CRYSTALLINS 
Cellular lenses are also found in hydromedusan and cubomedusan 

jellyfish. The lens of the cnidarian Cladonema radiatum contains two 
major soluble proteins of 40 kDa and 70 kDa subunit size,I37 while 
certain cubomedusan jellyfish contain crystallins of 20 kDa and 35 
kDa subunit size which have been named J-~rystallins.'3~ Sequence analysis 
of J 1 -crystallins, including cloning three intronless gene~, '3~ revealed 

L no obvious identity with known proteins, although there is a weak 
but intriguing similarity to a region of the HSP6O family of molecular 
chaperones (Wistow, unpublished). 

Other species of invertebrate have various kinds of acellular lenses. 
Some use inorganic materials while others use secreted structural pro- 
teins. Since crystallins have always been thought of as soluble pro- 
teins, these invertebrate eye proteins may not strictly qualify for this 
classification. Little is known about these proteins. Some at least are 
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probably conserved among widely divergent species since immunochemical 
methods suggest that the compound eyes of diverse arthropods con- 
tain related proteins.140 A 52 kDa calcium-binding glycoprotein of the 
extracellular corneal lens of Drosophila compound eye has been par- 
tially characterized and named d ros~crys ta l l in .~~~  It is not clear what 
the superfamily relationships of this protein might be or whether it is 
related to the common arthropod protein. Finally, there has been some 
analysis of the acellular lens of the mollusk Aplysia californica which 
contains protein subunits of two size ranges, about 60 kDa and 80 
kDa.'42 However, since these subunits have identical N-terminal pro- 
tein sequences they are likely to be products of the same gene, per- 
haps derived by post-translational modification. The limited sequence 
available does not reveal the relatedness, if any, of these proteins. 

RECRUITMENT 
THROUGH M O D I F I E D  GENE EXPRESSION 

In the broadest sense of recruitment all that is necessary is for a 
protein to achieve very high concentrations in the lens. This could be 
accomplished by either transcriptional or post-transcriptional events. 
The latter are purely hypothetical but might in principle include tis- 
sue-specific enhancement of protein stability, or the stability or trans- 
lational efficiency of mRNA: In fact no such mechanisms have yet 
been observed in the lens. Instead all the examples of recruitment hinge 
on tissue-specific increases in gene transcription (see Fig. 2.3). 

TATA-Box PROMOTERS 
In some cases it is possible to compare homologous genes from 

species in which recruitment has and has not occurred. One intrigu- 
ing observation which arises from this is that most of the enzyme 
crystallin genes, like those which encode the ubiquitous a-, P- and y- 
crystallins, make use of TATA boxes to define the starting point for 
transcription while their non-recruited homologues lack TATA boxes 
and instead have GC-rich promoters of the kind associated with "house- 
keeping" genes (Fig. 4.8). 

For example, the a-enolaselz-crystallin gene of the duck has a TATA 
box and a single predominant transcription start ~ i t e . 5 ~  In contrast the 
promoter for human a-enolase, the only other a-enolase gene to have 
been sequenced, has a GC-rich promoter and multiple transcription 
start sites.61 Similarly in chickens and ducks the genes for both the 
non-enzymatic 61-crystallin and the enzymatically active ASLl62-crystallin 
have TATA b o ~ e s ' ~ , ' ~ , ~ 9 ~ ' ~ 3  while the genes for human and rat ASL 
again have "housekeeping" p romote r~ . '~~ . '~5  In the case of c-crystallin 
in both guinea pig and llama, which have been recruited through ac- 
quisition of an alternative lens promoter, the upstream "enzyme pro- 
moter" is a GC-rich type while the downstream lens promoter again 
has a TATA ~ ~ x . ~ ~ J ~ ~ J ~ ~  
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This suggests that at least one major route to recruitment requires 
the presence of a TATA box. This could reflect a preferred interaction 
between a lens-specificity factor and some component of the TFIID 
complex which is associated with binding to a TATA box but 'not  to 
initiation complexes which form on non-TATA box promoters. How- 
ever, there are always exceptions to any generalization about crystallins 
and it appears that duck LDHBIE-crystallin lacks a TATA box alto- 
gether.5 

NEW PROMOTERS 
In the case of the enzyme crystallins it is clear that genes expressed 

in many tissues have undergone sequence modification resulting in lens- 
specific overexpression. The most dramatic example of this is the ac- 
quisition of a second, lens-specific promoter by the NADPH:quinone 
oxidoreductase gene which gave rise to < - ~ r y s t a l l i n . 9 ~ ~ ' ~ ~ ~ ~ ~ ~  As described 
above, the 5' UTRs of <-crystallin mRNA in guinea pig lens and liver 
are different. They arise from alternative first exons spliced to a com- 
mon second exon. Sequence analysis shows that the lens first exon lies 
downstream of that used in liver. Thus it appears to have been in- 
serted into what would have been the first intron of the enzyme gene 
(Fig. 4.8). The guinea pig promoter has been defined by functional 
analysi~.'3*.'3~ It was noted that the complete promoter was neatly flanked 
by 9 bp direct repeats, one of which was upstream of all the func- 
tional elements while the other was in the first exon. When the <- 
crystallin promoter region was compared with the first intron of the 
homologous gene from mouse in which it has not been recruited as a 
crystallin there was no sequence similarity within the promoter i t ~ e 1 f . l ~ ~  
However just downstream of the promoter region there was some con- 
servation of sequence between species. This similarity begins close to 
the ,position of the direct repeat in the first exon of guinea pig <- 
~ r ~ s t a l l i n . ' ~ ~  This is at least consistent with the possibility that the 
lens promoter derives from a sequence which was inserted by transpo- 
sition into the enzyme gene intron in an ancestor of guinea pigs. 

<-Crystallin is also expressed in the lenses of camelids, including 
llama. Hystricomorph rodents like guinea pig and camelids like llama 
are sufficiently distant in evolutionary terms that the recruitment of 
<-crystallin in both must either represent an ancient ancestral 'feature 
of most mammals or else independent recruitment in two lineages. 
Yet gene sequencing shows that llama <-crystallin has also been re- 
cruited by insertion of an alternative promoter and first exon into the 
first intron of the same gene.97 The insertion is close to the same po- 
sition in guinea pig but not identical. Furthermore sequence align- 
ments show that there is little conservation of promoter sequences but 
some conservation of both the alternative first exons. At present it is 
difficult. to unravel the histories of the two genes. Their similarities 
are striking but so are their differences and many questions are yet to 
be answered. 



I 

112 Molecular Biology and Evolution of Crystallins ti 
I1 

Was (-crystallin ancestral to many mammals but lost in all but 
two lineages? Was the recruitment independent but directed in a simi- 
lar way because of some feature of the enzyme gene which made it 
particularly prone to accepting transposons in its first intron? Both 
guinea pigs and camelids are of South American origin. Were they 
both subjected to a similar environmental pressure which led to the 
recruitment of a particular gene as a crystallin, or is it possible that 
they actually share a closer ancestry than expected? 

Whatever the full story of (-crystallin recruitment turns out to be, 
it is clear that possession of two promoters has certain advantages for 
an enzyme crystallin gene. The two functions of enzyme and crystallin 
are separated allowing each promoter to specialize for its role without 
setting up an adaptive conflict at the level of gene expression. In spite 
of this, however, most other crystallin genes seem to make use of a 
single promoter for ,both modes of expression. Thus duck 61-, 62- and 
&-crystallins all use the same transcription start site in lens and non- 
lens e x p r e ~ s i o n . 5 ~ ~ ~ ~  I _ 

However it is not out of the question that the 6-crystallins at one 
time made use of alternative promoters. When bird &crystallin genes 
are compared with their human homologues the most striking differ- 
ence is in the number of e ~ o n s . ~ ~  The 6-crystallins have 17 while the 
mammalian ASL genes have only 16.14,15.143-145 The difference lies in 
the presence of a 5' UTR exon in the bird genes (Fig. 4.8). It is con- 
ceivable that the recruitment of ASL occurred when the enzyme gene 
in an ancestral reptile gained a TATA-box containing lens promoter 
5' to its housekeeping promoter. Both promoters could have co ex- 
isted for a time. Eventually however the older, downstream promoter 
was lost. Intriguingly, a sequence proposed as a functional element for 
ASL and related genes in mammals can be found in the first intron of 
6-crystallin genes in chicken and duck.66~144 Could this be a sequence 
required for non-lens expression of these genes, a leftover from the 
original promoter which now works in cooperation with the newer 
upstream promoter? 

LENS SPECIFICITY 
Whatever the mechanism for promoter modification in crystallin 

gene recruitment, the result is that the gene acquires regulatory ele- 
- ments which respond to the peculiar transcriptional environments of 
the lens with high expression. In spite of the technical problems in- 
herent in studying a tissue in which much of the gene expression oc- 
curs in terminally differentiated cells which will not grow in culture, 
the last few years have seen a great increase in our understanding of 
the detailed molecular mechanisms of crystallin gene expression. In 
particular there are exciting indications that lens expression depends 
upon tissue-'restricted DNA binding proteins with roles in tissue de- 
termination, such as Pax-6 and SOX-2.133-136,143 These results are de- 
scribed in the next section. 
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